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Application of GMR: read head in computer
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Magnetic Sensor

2010-2011: LBS exp to propel into the
market
Tel carriers and are pushing hard to develop

Location-based or augmented reality services
*Ex NTT Docomo “9uto-GPS” service started in Winter 09 in Japan - provides
Jocation service depending on the user's position and heading
2009: Nokia N97 & Apple iPhone 3GS +Leading smart phone providers all have plans to introduced
+ AKM gained design wins for those high- Magnetometer-featured phones in 2010:
volume selling cell phones Google Nexus One; Nokis E72, Thresher . SS30 Korosshusic; LG G350, HTC
- T.Mobile G1 model in USA (fall 2008) has Hero, Tatoo, Bravo; Motorola Caigary, -mate 810-F;Samsung 82700 S

adop(ad a 3M + 3A solution

~ Penetration of
magnetometers in cell
phones

2004.2007: digital compass integrate |
in many Japanese handset platforms |
First navigation services in Japan
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Figure 1: Worldwide Revenue Forecast for Magnetic Sensors in
Automotive Motors (Millions of U.S. Dollars)
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Spintronics

Charge (+, -) 2-states device '
- magnetoresistance —.  Spintronics
+’ - H T! »L

Spin (1, }) ﬁ
I,

2-states device

4-states device

magnetoresistance (MR)
MR=[R(H)-R(0)]/R(0) % 9



Spintronics (spin electronics)

« Spintronics is the next generation technology
utilizing electron spins to perform operations
previously associated with electron charges.

« The advantages of spin manipulation compared
with charge manipulation are
— lower power consumption
— faster processing speed
— non-volatility
— longer spin coherence time or length.
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Spintronic Materials

(spin)
GMR & TMR, have been widely used

Applications: magnetic sensor, magnetic readhead,
magnetic tunnel junction (MTJ) devices and magnetic
random access memory (MRAM)

GMR&TMR #BRAFERH#H LM, MHTMEMEERE, TR—FHA
BEFTMEHMR MR IR E ) !

(charge + spin)

based on dilute ferromagnetism in transitional metal doped
semiconductor, such as GaMnAs and ZnCoO, succeeded in
low temperature

Applications: spin-FET, spin-LED

mainly use organic materials
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MR In magnetic materials

+ Glant magnetoresistance (GMR)
+ Tunneling magnetoresistance (TMR)
+ Colossal Magnetoresistance (CMR)
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GMR: spin dependent scattering

GMR was found in 1988, MR<0, MR~a few tens %,

used for making magnetic head
Giant Magnetoresistance (GMR)
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Baibich, Phys. Rev. Lett, 1988
Discovery of GMR won 2007 Nobel http://www.nims.go.jp/apfim/GMR.htiwl
Prize in Physics Parkin, Phys. Rev. Lett, 1991.



http://www.nims.go.jp/apfim/GMR.html

TMR: spin dependent tunneling

TMR: MR<0, MR~ a few hundred %, since
2005 it replaced GMR for making magnetic head
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CMR: spin-orbit-charge interplay

CMR: foundin 1989, MR<0, MR~100%,

has not found application because it need large H
and its MR appeared in low temperature
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MR In non-magnetic materials

+ MR In Organic materials
+ MR In Graphene/carbon nanotubes
+ Inhomogeneous MR (IMR)

17



_Organic MR: related with Hyperfine interaction?
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MR (2g)

MR of carbon nanotubes

The MR of Carbon nanotube have been only
observed in the low temperature. MR=61%
at 5K, and it disappeared at 120K.
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MR in Graphene Nanoribbon:
guantum confinement

.I'Ed (I"I.IE"-‘.:I

MR ~-100% at 1.6K and MR=-50% at 285K
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Inhomogeneous MR (IMR)

B

Origin: Lorentz Force

For a ideal crystal (not exist) with all carriers having the same effective
mass m* and carrier scattering time t, would resistance measured in four-

electrode method be changed under magnetic field B? ’1



Ordinary MR: orbit related

B

No MR would be
detected in a ideal
crystal in that
measurement
setup!!!

Homogenous
Large L/IW

‘ Lorentz Force ‘ MR =0 %

=Hall Force
22



Doped silver chalcogenides
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Littlewood proposed a theories: MRoc[pu , Ap ], 4y
when n=p or A p maximum, IMR enhanced
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Geometrical Enhancement

Jy=0
Metal
b,
V=133 EX =EX -
Semiconductor 33 b I s
I Ic—l—vAV I : 1_0 I
Al —— i
S
as
- A "a'z’...i
B | i __aq_.| s
101 zzin | I 2a |
1
1
1
1
1
1 km
o =
w 1 & g
£ ! &
(=] | =
x 1 <
o= ! o
101 1 =
! =
! g
! =]
o=
=]
102
Field (Tesla) -0.1 -0.05 0 0.05 0.1

H (Tesla)

Corbino Disk: R, /R, ratio Spacing between electrodes
Solin, Science, 2000. Solin, Appl. Phys. Lett. 2001.



Silicon MR at low temperature: related with wave shrinkage?
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Schoonus’ s Case
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Silicon MR, related with SCLC

A simple device based on a n-type Si between two In contacts shows a
large positive MR of more than 1000% at 300K and 10000% at 25 K at

H=3T and V=20V
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MR in a-C/Si heterojunctions

a-C/Si ; Siorientation (100), 0.5~1 Qcm , 10"%cm- doped with p ;

sp?ratio in a-C 70% ~ 80% , graphite-like , Eg = 0.4~0.8eV.

Keithley2182

(v
(v

Indium

mmdeitmemoo

@7

\ 4
\ 4

Keithley2400
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Research Methods

Film grown by Pulse Laser Deposition (PLD)

TEM. HRTEM. EELS. Raman to characterize
structure of a-C

2-electrode and 4-electrode measurements
with Keithley2400. 2182 in MPMS or PPMS

34



Transport Properties of a-C/Si
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35
Channel Switching: low T currentin a-C, High T current in Si



Magnetoresistance (%)

MR in a-C/Si

Magnetic Flux Density (T)

-6 -4 -2 0 2 4 6

2
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Of g '
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Electrons. Carrier Density 10'%cm-3 = Si
Substrate > MR originated from OMR in Si

Wan C H, et al. IEEE Trans Magn, 2011, 47:2732-2734
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Low temperature MR in silicon

Silicon orientation (100), 1072 cm-3 doped with P,
resistivity 3000 Qcm
Keithley2182

.

A
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Electro-transport properties of Si
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[MR(0)+ MR (1-0)J/[MR(0)+ MR()]

25

20

MR of silicon
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Si based MR device with symmetric electrodes

Structure: In/SiO,/n-Si Keithley 2400

Four electrodes methods B \ /\<~§>

n-Si: Doping: ~10%? cm phosphorous
p : 3000 Q*cm, 1000 Q*cm

u: 1200 cm?/Vs

t: 100~200 ps (Bulk minority lifetime)
Electrode: Indium

42

CH Wan, XZ Zhang, et al, Nature 477, 304-307 (2011)



Voltage (V)

16

12F

Current dependent MR
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At this point, MR has MR~B relation can be modulated
a maximum by current from OMR to

abnormal MR.

CH Wan, XZ Zhang, et al, Nature 477, 304-307 (2011) 43



NERT, BAFEREER—H,

Method 2 Method 1
Keithley 2182 Keithley 2400
Voltmeter Voltmeter

silicon
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Current source Current source

silicon
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Keithley 2400 Keithley 2400
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Geometrical MR Devices
with Symmetrical Electrodes

Current Source

Voltmeter
© o)

(V)

L |
Voltage Meter Current source

R,: Contact resistance of current electrodes

R,: Contact resistance of voltage electrodes

R;: Silicon resistance between current and voltage electrodes
R;s: Silicon resistance between the two voltage electrodes

/Geometry Factor

MR, ~41+ 2R, R3(O)}MRSfym
[R+R,+R;(0)|R;(0)
Intrinsic MR is  “amplified” by a geometry factor R4/R; 47

Zhang & Wan et al, (unpublished)



e (\/ 9t 0T
==V at 3T Calculation
e (\/ gt 7 T
— MR at3 T
— MR at7 T

o2

R.=R =50 kO
R,=2R =10*[1+(1B)’] k
U =15V

1= 0.12 m*/V*s

Measured voltage (V)
N S

N~

Applied current (pA)

50 100 150 200 250 300

Turing point I .= U-/[R,+R;(0)]

Zhang & Wan et al, (unpublished)
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Comparison of simulation and
experimental results

——
O

S

o

- (=)

Measured voltage (V)

e |\/ 3t 0 T (d) —_—at 7T
—Ivat3T Calculation 180 18 :
o |\/ at 7 T . IVat3T
——MRat3T 150 2= | «emm|VatOT
——MRat7T o 12
120= 8
=3
R=R=50 kQ A =
) 2 90 ¢ 8 8
R=2R=10"[1+{uB)]1kQ S 5
U=15V 60 @
@
©=0.12 miIV*s g = Experiment
50 100 150 200 250 300 50 100 150 200 250
Applied current (uA) Applied current (uA)
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Comparison of simulation and
experimental results

calculation

MR (%)

T T T T T T T

|

100%
§5F

T T
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a9 e, ﬁ,wgo‘ KA @ 230
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nn“""' o’ 94 g% *-270
83033232000000999%7,0330303% > 400
‘::: 3300000990239 ::1-" +“ 500
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Zhang & Wan et al, (unpublished)
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Quantity: uA
== 50
—2— 146
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CH Wan, XZ Zhang, et al,
Nature 477, 304-307 (2011)
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MR ~ Current dependence

~uB 1.0
~uB 0.8
. uB0.6
- uB 0.4
-uB0.2

Régio 52

Region 1

Region 3

" 300
Current (uA)

Measured voltage (V)

8

»

N

N

— |\/ 2t O T
==V at3T Calculation 180
e [\/ 2t 7 T
— MRat3T 150
—  MRat7T

120§
R,=R,=50 k 0
2 905

R,=2R_=10*[1+(uB)’] kO X

Us=15V 60

1= 0.12 m*/V*s 20

50 100 150 200 250 300

Applied current (uA)

1. AMR peak existed in MR-I curves.

2. The peak occurred at the turning point of I-V curve
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Effect of electrode position on MR

(c)
160
Voltage 1 2 3 4 4 3 2 1 Voltage
4 4 electrodes - 00 00 000 electrodes
120 | o o y
—— 11 120 T_> X —— 11
3 3 —_—— —Q— 22
— ] ) e o 0—22 i o— 33
X —@—33
~ sof ’e @2 —0—44 S sl
x <
= %
=
40 | 40
or or 1 1 | 1 1
-300 -200 -100 0 100 200 300
(d) Applied current (uA) Applied current (pA)

CH Wan, XZ Zhang, et al, Nature 477, 304-307 (2011 53



Si based MR device with asymmetric electrodes

Keithley2400
— )

MR Devices with
Asymmetrically
distributed electrodes
at corners

n-Si: Doping: ~10'? cm phosphorous
p : 3000 Q*cm, 1000 Q*cm

. 1200 cm?/Vs

7. 100~200 ps (Bulk minority lifetime)
Electrode: Indium

54
CH Wan, XZ Zhang, et al, Nature 477, 304-307 (2011)



Si based MR device with asymmetric electrodes

Keithley2400 ok MR oc (W/L)3
W s 3 . 8
: g— 9o o
°\\°/ 10° | 3 g :3-) ©
5| g >
Si0, _ - é )
. @ 3
"
x
=
MR Devices with l
Asymmetric 0F W |
Electrodes o 20 4 60 80 100 10 140

MR increases with increase of (W/L)3
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Comparison between Si and InSb based
Geometrical enhanced MR Devices

St
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| 20,4
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——180 1A
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B (T)

R{Ohms)

101 .-----"."--...'.J..-.-.

100 F

101 F

102 |-

InSb/Au

>

U,

Field (Tesla)

1. MR~ Bevolves in a similar manner
2. The Control parameter in Si was current
3. The Control parameter in InSb was shape

Wan & Zhang et al, Nature, 2011

Solin, et al, Science, 2000.
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Resistacne (Q)
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Current dependent MR
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Wan & Zhang, et al, Nature 57
477, 304-307 (2011)



Measurement setup of asymmetrical electrode sample

Keithley 2182 Keithley 2400

Voltmeter Voltmeter
—IEE BEl— —IEE EEl—
1L O
O o
= | 2 mo — B
Current source Q
| Current source
Keithley 2400 Keithley 2400
The diodes had already inherently 58

incorporated into the Keithley 2400



MR model for asymmetrical electrode sample

@)

V)

Voltmeter

.
N/ /N

.
< @ <€

Current source

Our model was similar to the model
proposed by Parish and Littlewood

Diode

except the differences in the geometry Parish & Littlewood, Nature, 2003

of electrodes and the two diodes

(b) U,il,
Uil Usils

(c) Uil

W,
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The maximum MR occur at turning point of I-V curves
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Applied Current (uA)
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Mechanism of geometric enhanced MR

ool —* RAatB=0T:
00 - ~= RlatB>0T!

Overlap

= [ m— MR (%) i
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& 120 + !
L2 I 480 Z
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S sl | S
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T ' . ! B 440
Q | Low Resistance i AR, MR=AR/R
a 40 :
< State ! I

ob S <— "tUrning point shift H10

il . N B 1 . ] N

10° 10 10”
Applied current (A)
The diodes help to create a low resistance state (LRS) and a high
resistance state (HRS). At the boundary between LRS and HRS, MR

has its maximum. _
Zhang & Wan et al, (unpublished)
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Zhang & Wan et al, (in submission)
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Comparison of simulation and
experimental results

Calculation

00098 o 325 pA
Sey 2 270 pA
39950000 o 240 pA
395 92999% | —— 230 LA
288%55° % | o 225 .A

—o— 220 pA
—o— 210 pA
—o— 200 pA
—o— 190 pA
—o— 180 pA
—o— 150 pA

—o— 20 LA

-10 0 10

B(T)

-20

20

1. MR(B) dependence modulated by applied current.
2. There existed a transition from OMR to abnormal MR with

elevating current.

Zhang & Wan et al, (unpublished)
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Comparison between the two geometry

{Symmetrical} @symmetricaﬂ
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Larger Geometrical Factor

No charge accumulation

2
(uB) (uB) o



2.4.5 B[R 2 T HE AR 09 2 ﬁﬁ ERaNZe

AAER & WEREE  WIERLR

5”5%] ) 1~24=
B .
/f‘ al 54 K NS
§2§: JUTAE - qvidB~B
(uB)?
PN%‘:;&}\;// PN?@‘,—‘%

[INf(U)]" Ue

65



Comparison among different MR devices

s (T

Type Field others Ref
neede
S=SMRIB d
Delmo’s Si 1.0 05T V=100V 1
Schoonus’s 8.0 1.25T V=80V 2
Si
InSb 3.0 0.19T Low resistivity 3
Si geometrical 5 0.06T 1=0.2 mA, V=10V Ours
enhanced
MR

Speed monitor: 0.1 T, reader: 0.01T, Compass: 0.5x104T

1. Delmo M P, et al. Nature, 2009.
2. Schoonus JJ HM, et al. J Phys D: Appl Phys, 2009.

3. Heremans J. J Phys D: Appl Phys, 1993.
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Magnetic sensor made by Si can be used In
both weak field and high field (up to 40T)
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Wu, Zhang et al Appl

. Phys. Lett. 98 (2011) 112113 .
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% e Y A
Yo Tsinghua University

1. Silicon electronics - Silicon magnetoelectronics

More flexible controllability (Electro-, magneto-,
non-connected modulations)

2. Silicon based MR sensors

covering high/medium/low field range. applied
current dependent. self-powered, ample raw
materials

For compatison: Magnetic MR sensors: Magnetic
Hysteresis, Failure at high fields, inactive to
current.
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Magnetoresistance: Silicon joins the party

Magnetoresistance in silicon can be enhanced to match that of commercial devices by

designing appropriate device geometries.

Giant magnetoresistance, which allows electrical
resistance to be varied by relatively small magnetic
fields, has had a huge impact on everyday
technology, with widespread use in information
storage and magnetic field sensing. Xiaozhong Zhang
and colleagues from Tsinghua University in China
have now demonstrated that it is possible to
enhance inhomogeneous magnetoresistance (IMR) in
silicon devices to levels comparable to that of
conventional rare-earth-based technologies?.

Photograph of a silicon-based magnetaresistive
element
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for submissions. The journal will
publish its first Original Articles
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Some recent works in silicon

* Spin injection into silicon
— Nature 462, 491 (2009)

* Qribitronics In silicon
— Nature 465, 1057 (2010)

« Gometrical enhanced magnetoresistance
(GEMR) In silicon
— Nature 477, 304 (2011)

* What else In silicon ?
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